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Objective.
The objective of the present part of the project was the development of a complete second

order closure for wall bounded flows including all components of the dissipation rate tensor
and a numerical solution procedure for the resulting system of equations. The main topics
of the present grant were the closure of the pressure correlations and the viscous destruction
terms in the dissipation rate equations and the numerical solution scheme based on a block-
tridiagonal solver for the nine equations required for the prediction of plane or axisymmetric

flows.
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1.0 Full second order closure for wall bounded flows.

1.1 Introduction.

A full second order closure for wall bounded shear flows is developed, which includes the
Reynolds stress equations and the equations for all relevant components of the dissipation
rate tensor. Incompressible and compressible plane flows are considered, but this report is
only concerned with incompressible flows.

There are several reasons for the development of a complete second order closure. It can
be shown that the anisotropy of stress and dissipation rate tensors approaches the same limit
at the wall, but the derivative of the anisotropy of the dissipation rate is twice the derivative of
the stress anisotropy at the wall. Another reason is the possibiity of constructing apppropriate
time scales in the near wall region. The standard second order closure incorporates the
transport equation for the trace of the dissipation rate tensor and relates the components of
the tensor via local relations to the trace. The time scale for the destruction of the trace is
usually modelled using the time scale

__1_
Tp =

x|

where the modified dissipation rate € is defined by

e_zy(aa‘f)z

€

]

with y denoting the coordinate normal to the wall. This is an acceptable model in the region
close to the wall if and only if the dissipation rate is a nondecreasing function of the distance
from the wall, because the kinetic energy is of order O(k) = y? near the wall which implies
that the second term in the modified dissipation rate is constant. Direct simulations of
boundary layers and channel flows, however, have shown (see Mansour et al., 1988) that the
dissipation rate is a rapidly decreasing function of the wall distance in the viscous sublayer
and the destruction model using the time scale 7p becomes thus a production term in the near
wall region. This is clearly a violation of realizability for the destruction model. It follows
that this type of closure model does not represent properly the production of dissipation rate
near the wall and the sign reversal of the viscous destruction model must make up for this
deficit in production. The motivation for the modified time scale is the fact that the time
scale

k

€

T

goes to zero as the wall is approached. It will be shown below that the full dissipation rate
tensor allows a realizable and tensorially invariant construction of a time scale or a time scale
tensor that reaches a finite and nonzero limit value at the wall.
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A second point that sets the near wall region apart from the high Reynolds number
regime of the boundary layer is the growth of the pressure corelations with distance from the
wall. It will be shown below that the usual split of the pressure correlations into pressure
transport and pressure rate of strain correlations is not appropriate near the wall, because the
split correlations grow with different rates and the Taylor series for the original correlation
involving the fluctuating pressure gradient can be expressed locally up to second order in
terms of velocity correlations.

1.2 Exact equations for the dissipation rate tensor.

Incompressible flows are considered first. Standard manipulations lead to the transport
equations for the dissipation rate tensor in a Cartesian coordinate system defined by

€ap = 200,v,0,v; (1)
with expectation denoted by (e43). The equations can be given in the form
(0 + (v4)0y){€ap) = O4[v0;{eap) — (vi€ap)] + Séﬂ + Sgﬂ + Sgﬁ + Sg:ﬂ + Sgrﬂ —Dap  (2)

The various source terms are defined as follows.

Shs = —(e82)0x(va) — (€ay)Or{vs) (3)

Sap = —(€15)(9y(vs) + 5(v5)) (4)

Sag = —(€avOyvh) = (€arrvp) (5)

St = —2(02,0'0yv5) + (0,0 0r00)) (6)
S5 = —2((v50,05)0% (va) + (v50,04) 05 (v5)) (7)
D,s = 4*(8;,v,0;.v5) (8)

Furthermore is the fourth order dissipation tensor defined as
el% = 2005v, 040 (9)

The properties of the source/sink terms on the right hand side need to be established before
closure expressions can be constructed.

1.2.1 Equivalent forms of the pressure correlations.
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The pressure correlations S, 5 can be given in several equivalent forms. It is instructive to

split them analogous to the pressure-rate of strain correlations in the stress equations. It
follows from (6) that

2 7 /
S:ﬂ = "_E{aa(a‘yp 3‘7”[3) + 6[’(371”6'1”;)} + Bag

where the non-gradient part is defined by

2
Bap = =(0,0/0,(0avy + d50})

The non-gradient part B, resembles the pressure-rate of strain correlation and shares with
it the property
By =0

It follows that B, redistributes intensity among the components of the dissipation tensor
and leaves its trace unaffected. Further splitting of B,g leads to

2 f ; 2v ' ’
Bag = 71/67(371) (Oavp + 9pva)) — ',7(6371"(&:”3 +0pva))

The non-diffusive part of B, contains the Laplacian of the pressure fluctuations which is

governed by .
- 20" = 85,0405 + 2040308 {va) — 925 {vavy)

This equation has an important consequence: The non-diffusive part of B,s can be repre-
sented locally in terms of velocity fluctuations. We get

2 '
Bog = 7”6«61;0'(60% + Bgvl))+

20(0,v505v"(0avj + Opvy)) + 4v(0,v5(0avy + O5vy,)) 95 (v4)

We conclude that the non-diffusive and non-gradient part of the pressure correlations does
not contain a direct influence of the wall and the wall effects can be represented as gradients
and divergence of a flux. This property very important for the modelling effort. Inspection
of the local part of B,g shows that it has the structure of the primary production term (5).
Recasting this part in terms of vorticity and strain rate defined by

Eaﬂ.(aﬂv;

DO =

Wo =

(Oavg + Ogva)

DN e

Saf =



leads to
20(8,v505v! (Davly + Opv,)) = dv(s458,5505) — Bv(Saawiw])

whereas the primary production terms appear as
3 ! ] ! !
Sap = _4”((3073'7636;3) + 5‘70”7(336367‘-":7) + 57ﬂn<3:155:57w:7> + 670w€5ﬂn(3'76w:7w:u>)

The last term can be recast in terms of the Kronecker delta using the tensor relation

6‘75 5‘7ﬂ 5717
€Evaw€sfny = det | 646 6aﬂ 50”7
6u6 6wﬂ 5wn
leading to
52/3 = —41/((5;.15'753:5[3) + 670,,,(3;353'6,1w:,) + e.,,g,,(s'a&s%.,w:’)

+{s" gwpwl ) + (s wpwl) — (shawiwl) = bap(slwiwy))

It is apparent that no complete cancellation of triple correlations takes place. The pressure
correlations appear now as a combination of the divergence of a flux and sources.

Sap = OsFggs + Qbg
where the flux is defined by

2v
Fgﬁé = _p'(€w5n€w7a<awplanv’ﬂ> + €w5n5w76(6vplanv;))

or

2v
Fops = 7((3@'(3«:”}3 + 0gvq)} — 6as(Oyp'0yvp) — 655(0+p'Oyva))
The trace of the flux F{;, is not zero but given by

4y

F e (0+p'0v5)

aab
The redistributive sources are given by
P s = 2v(0,v;05v(0avy + Opvy,)) + 4v(04v5(8avs + O5v4)) 05 (v4)

where the trace of Q% is zero. It is noteworthy that one of the components of (0,p'0yvy,)
can be expressed in terms of a component of the dissipation tensor

4§<azp'azv;> = vBy(e12) + O(y)
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according to the power series for the pressure given below (19). For v # 2 the gradient of the
wall pressure can be expressed in terms of velocity using the momentum balances. In fact

1

;07;)' = V@Zyv;
holds at the wall y = 0.0. It follows that the wall pressure does not exert a direct influence on
the dissipation rates if the expansion is carried out to second order. It is clear that modelling
can be based on the properties of the flux and the redistributive source terms. However, the
growth rates for the terms in the different formulations of the pressure correlations decide in
the end their usefulness. This will be investigated in the following chapter.

1.2.2 Taylor series expansions for the near wall region.

The near wall region can be analyzed with Taylor series. The coordinate system is
assumed to be located at the wall and z, is the direction of the wall normal pointing into
the flow field. It is convenient to rename the coordinates and variables as follows: z; = «,
T2 =y, T3 = 2z and vy = u, v; = v, v3 = w. The velocity components can be expanded with
respect to the wall normal y

u(z,y,2,t) = ag + a1y + a2y® + azy® + O(y*) (10)
v(z,y,2,t) = bo + b1y + bay? + b3y® + O(y*) (11)
w(z,y,z,t) = co + a1y + 2y’ +03y3+0(y4) (12)

where the coefficients are stochastic functions of z, z,# but not y. They are defined by

1 0u
(lj(l‘,z,t) = FEZI}?(O)
10w
bj(:z:, Z,t = FEE(O)
1w
cj(z,2,t) = Fa—yf(o)
The noslip condition at the wall implies that
2= by =g =0 (13)
holds and mass balance
) OoVq =0 (14)
leads to
8yvo = bl =0 (15)



and
a:an + azcn = —(TL + 1)bn+l

for n = 1,2, --. The Taylor series for a fixed wall without suction or blowing are therefore
given by

u(z,y,2,1) = a1y + agy® + azy’ + O(y*) (16)

v(z,y,2,t) = bay® + bsy® + O(y*) (17)

w(z,y,2,t) = a1y + coy’ + ey’ +O(y*) (18)

The expansion for the pressure can be given as follows
p(z,y,2,t) = po + 2ubyy + 3ubsy® + pay® + O(y*) (19)
where u denotes the dynamic viscosity and

_19p
pj(z,2,t) = -]-—'a—y](O)

and the momentum balance normal to the wall was applied to a point at the wall. The
expansion for the pressure gradient can be shown to be

as 31 b2 ual b3
O.p=2p| b | +2uy| 355 | +3° | ps | +0(°)
(&) O3b, 103b3

which shows that the terms up to first order are proportional to viscosity. The components
of the Reynolds stress tensor appear in expanded form as

(v*) = y*(al) + 2y° (a102) + y*(2{a1a3) + (a3)) + O(¥°) (20)
(v*) = y*(b3) + 24°(b2bs) + O(y°) (21)

(w?) =¥ () + 2¢° (1) + ¥ (2erca) + (63)) + O(¥°) (22)
(uv) = y*(arba) + y*({a1bs) + (a2b2)) + O(y°) (23)

The components of the dissipation rate tensor vary near the wall according to
(e11) = 2v{(a]) + 4y(araz)

+y*(6(a1as) + 4(a3) +((0za1)") + ((0:1)")) + O(v")} (24)

(e22) = 2v{4y*(b) + 129 (babs) + O(y*)} (25)

(e33) = 2v{{c]) + dy(cic)
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+y(6{cies) +4(cz) + {(8:1)%) + (0:01)) + O(v*)} (26)

(e12) = 2v{2y(a1bs) + y*(4{a2b2) + 3{arbs)) + O(y°)} (27)

It is apparent from these series that different components grow differently near the wall. It
follows that the boundary values for the dissipation rate tensor are given by

(€11)(0) = 2v(a]) (28)
(€22)(0) = 0.0 (29)
(e33)(0) = 2v(c?) (30)
(612)(0) = 0.0 (31)

It can be shown that the anisotropy of the Reynolds stress tensor is equal to the anisotropy
of the dissipation rate tensor at the wall and that the normal derivative at the wall of the
anisotropy tensor of the dissipation rate is twice the normal derivative for the stress ten-
sor. We consider now the near wall variation of the individual terms in the dissipation rate
equations.

1.2.2.1 Viscous Diffusion.

The dominant term in viscous diffusion is the normal derivative given by

8,(v3, (en)) = 47 (Blaraz) + 4{ad) + ((Bza1)?) + (B:a1)?)) + O(v) (32)
8,(v3y (e22)) = 16v*(8) + O(v) (33)

3,(v3, (eaa)) = 43 (B(crca) + 4(S3) + ((Bzer)?) + {(B:e1)?)) + OW) (34)
8,(v3, (e12)) = 42 (4(azbs) + 3{arha)) + O(v) (35)

and they emerge as terms of order unity near the wall for all components.

1.2.2.2 Turbulent diffusion.

Turbulent diffusion of the dissipation rate component e, g is defined by
O, F2? = -0, (v] €ap) (36)
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For the case of boundary layer type flows only the flux normal to the wall is relevant. The
series expansions lead then to the following expressions for the components of the dissipation
rate tensor

0y Fy' = 2y(b2en(0)) + O(y*) (37)
0y F;* = 4y’ (baea2(0)) + O(y*) (38)
0y Fy® = 2y(b2€53(0)) + O(y*) (39)
0y F,* = 3y* (b20y€12(0)) + O(¥°) (40)

The expansions show that turbulent diffusion is not of leading order near the wall.

1.2.2.3 Secondary production Séﬂ.

The interaction of the mean rate of strain and the dissipation rate tensor acts as production
for the dissipation rates in the same fashion as the Reynolds stress and mean strain rates
for the stresses. There is however a fundamental difference between this type of production
for dissipation rates and stresses: It is of leading order for the stress balance but of second
order for the dissipation rates for high Reynolds number flows. The situation near the wall
is entirely different. The components of Sg, 4 turn out to grow with wall distance as follows

S = ~2y0,(u)(0)9y(e12)(0) + O(y*) (41)
Sp2 = —16vy° 85, (v)(0){b7) + O(y*) (42)
Sty = 0.0 (43)

Siz = —8vy*0,(u)(0)(83) + O(°) (44)

The secondary production terms S} g are not of leading order near the wall, but closed. Hence,
they need not be neglected.

1.2.2.4 Secondary production S52,.

The series expansions lead to the following results

St = —y{0y (u)(0)3:(e1)(0) + 207, (v)(0){en1)(0)} + O(*) (45)
S32 = —2vy*{20,(u)(0)0;(b) + 805, (v)(0)(b3)} + O(y*) (46)
S3s = —y{0,(u)(0)0:(€33)(0) + 205, (v)(0)({ea3)(0)} + O(v*) (47)
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Stz = =2vy* {20, (u)(0)({b20:a1) + (@18:b2)) + 40, (v)(0)(arb2)} + O(y*)  (48)

It is clear from these expansions that the source terms S2 g are of second or higher order for
boundary layer flows.
1.2.2.5 Primary production.

The primary production or vortex stretching terms are the dominant production terms in
high Re-number flows. For the near wall region they appear in expanded form as

S% =~ {u(50:(a}) + 3{atha)) + OGH)) (49)

$3 = — 4w {y*(10(8) + 8:{a83) + O(y*)) (50)

$% = ~4v{y(50:(mel) + 3(c3ha)) + O(u)) (1)

Sty = —2v{y*(0;(bra}) + 8(a1b2) + 2(c15,8,a;) + {a;¢,0.b2)) + O(y*)} (52)

The primary production is not of leading order near the wall, but grows with the same order
as the secondary production term S s with wall distance.
1.2.2.6 Viscous destruction.

Viscous effects can destroy the rate of dissipation and this process is contained in D,4. The
series analysis shows that the components of D,g are near the wall given by

Dyy = 402 (4(a3) +2((8,01)?) + 2{(B. a1 )} + O(v) (53)
Daz = 4v*{4(83) + 24y {bsbs)} + O(y?) (54)
Ds3 = 402 {4(c}) + 2((0:1)?) +2{(B.1))} + O(v) (55)

D1z = 4v*{4{azb2) + y(4(8,010,b2) + 4(8,a10,b2)+
12((12[)3) + 12(a3b2))} + 0(y2) (56)

All components of Dqg turn out to be of leading order.

1.2.2.7 Pressure correlations.
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The Taylor series for the pressure (19) contains viscous terms which are due to the momentum
balances. Differentiation of (19) leads to expansions which contain viscous contributions in
lowest order. The components of the pressure correlations S g appear as follows

St = 4v*{6{aibs) + y(2(8;a10;a;) + 2(0.a:0;a2) + 4{a20,b,) + 6{a19,b3)) + O(y*)} (57)

S = 47 {12y(babs) + O(4%)) (58)

S;:; = 41/2{6(61 bg) + y(2(82c10Ia2) + 2(8,c18zb2) + 4(028102) + 6(c10,b3)) + O(yz)} (59)

6
Sty = 2v*{6{a1b3) +y(2(0:a10;b2) +2(8.a18,b2) +12(azbs) + 4(b28; b,) + ;((11273)) +0(y*)}
(60)

The series expansions of the pressure correlations lead to several important conclusion: The
effect of the pressure correlations in lowest order is local in terms of velocity correlations. No
Poisson integral appears in lowest order since the wall pressure does not appear in the lowest
order terms. The split of the pressure correlations obtained in chapter 2.1 leads to a flux
F? v such that the corresponding source term is strictly redistributive and local in terms of
velocity fluctuations. The pressure flux is local in velocity in expanded form up to second
order. Note that there is a clear advantage for not splitting the pressure correlations in the
Reynolds stress equations near the wall since the split terms (rate of strain correlation and
pressure transport) grow with different rates in the viscous sublayer. This is not the case for
the pressure correlations in the dissipation rate equations. The components of the pressure
flux emerge for the case of a flat plate boundary layer as

4v ,
Flia = —(02p'01v1)
Fr, =2 116,00 8,p'd,v!
22 = 7 {(03p'03v3) + (01p'B1v3) }
4
Fp, = f(@p'asva
2v

which can be analyzed with the aid of Taylor series. We get the following estimates for the
divergence of this flux near the wall

8, Ffy, = 8v%(b20;01) + O(y)
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2 Fy, = O(y)
02 FP,, = 802 (b,0,¢1) + O(y)
82F{J22 = —41/2 <C26zcl> + O(y)

It follows that
02 FY13 + 02 Ff3y = —02(vBa{e€22)) + O(y)

holds. This proves that the pressure flux terms are of leading order near the wall because
viscous diffusion is of leading order in this region.

1.2.2.8 Near wall production.

The production terms proportional to the curvature of the mean velocity profile are respon-
sible for additional production in the near wall region. The series expansions lead to

St = 4v{y(a}) 07, (u)(0) +y*({a1) Bz, (u)(0) + 3{a1a2) 07, (u)(0) + 2(azb2) By, (u)(0)) + O(y*)}

(61)

S22 = 0(y°) (62)

S5, =0 (63)

St2 = vy*{(a1) 83, (u)(0) + (a1b2)33,, (u)(0))} + O(¥°) (64)

The near wall production emerges as second order effect near the wall if the boundary layer
assumptions are satisfled. The component (e;;) receives all the energy in lowest order.

1.2.2.9 Transport equations in lowest order.

The series expansions for the source and diffusive terms allow the set up of the transport
equations for the components of the dissipation rate tensor in lowest order. It turns out that
all equations are of the same zeroth order.

Oi(en1) = 05 (v0y{en1)) — D11 + St (65)
0 = 9,(v0y(e22)) — D22 (66)
Oi{ess) = Oy(vOy(ess)) — D33 + Sig (67)
0 = 3,(v9,(€e12)) — D12 + St (68)

These equations are valid near the wall provided none of the surviving correlations vanishes.
For steady flows the following equations hold then at the wall

Dy -S4 = 04(v0,{en))
D32 = 04(v0y(e22))
D33 — S33 = 0, (v0y(ea3))
Dy — Sty = 0, (v0y(€12))

which can be combined with the limit relations for the stress balances to establish constraints
for the modelled terms at the wall.
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1.3 Closure model for the dissipation rate equations.

The series expansions for the near wall properties of the dissipation rate equations can be
used to analyze and to modify closure expressions. In several cases no model expressions
exist and new models will be developed and analyzed.

1.3.1 Time scales.

Several time scales can be constructed for the near wall region with the aid of the dissipation
rate tensor. First we note that a scale dependent on the wall normal vector can be obtained
in the form '

-
Ly (€ys)

(69)

If n, = 6, it follows that this time scale is given by

k
(€22)

and the series expansions show that both numerator and denominator depend quadratically
on wall distance. The wall limit is in fact a nonzero value given by

T =

<ay Ug a!uO) + <aywanw0)
20{32, %002, o)

r(0) = (70)

Hence, a time scale with a nonzero limit at the fixed wall was constructed. This time scale
avoids the problem associated with the modified (also called homogeneos) dissipation rate

& = e — 20(9,Vk)?

which may change sign in the flow field. The inverse of another time scale with tensorial
character using the dissipation rate tensor can be set up as follows

[y

Tof = ;(fav)(vi,vfs)'l(éaﬂ) (71)

where (v v;)~! denotes the inverse of the Reynolds stress tensor. Conversely is a time scale
given by

1 — -
Tag = 2 (Vv {e26) " (050) (72)

where (eqp) ™! denotes now the inverse of the dissipation rate tensor.

1.3.2 Turbulent diffusion.
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The gradient flux model for F,j'ﬁ can be given in the form

k
F2P2c,= (v,5)Os(cas) (73)
where the kinetic energy is denoted by
k(z,t)= Ly
(2,) = 5{vhv5)

and the dissipation rate € by

The constant ¢, has values in the range 0.15 — 0.18. The near wall properties of this model
follow from the series expansions (10) to (27) as

9,F;' = O(y°)

whereas the exact term has a first order variation with respect to the wall distance according
to (37). Similar discrepancies are observed for the other components. It is clear that model
expressions developed for the high Re-number regime will not represent the near wall region
properly. The present model (73) implies that near the wall turbulent diffusion is essentially
neglected in comparison to the exact term. Inspection of the model (73) shows that there are
two reasons for its failure near the wall: The time scale % approaches zero at the wall and
the diffusivity is solely determined by the normal stress component {(v')?) which varies as y*
near the wall. The situation can be improved if a composite time scale that approaches the

scale defined by (69) near the wall is used. The modified closure model is then given by

~ 2 k 1
Fe822 oy ——— (v/,0}) s (€ap) (74)

¥ 3 T nynu(en)

The factor 2/3 results from the requirement that the high Re- number limit of the time scale
must agree with k/e.

A different model that satisfies all growth estimates and has the correct tensorial and
dimensional properties can be constructed if the dependence of the turbulent flux on the wall
parameters n and R, is taken into account and the near wall model is combined with the
high R.-number model. The near wall model is given by

— (v €ap)=Ch Fur(Ret)[nnnc(vv) i ny (€ag)

It is straightforward to check that it has the same growth rate and the same tensorial prop-
erties as the exact term. The model represents turbulent transport towards the wall and
has the form of a convective term. There exist several high Reynolds number models for the
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turbulent flux of dissipation rate (Hanjalic and Launder, 1972, Lumley, 1978). The present
model is an analogue of the flux model for the stresses. It is given by

k 0

—(Ui,faﬂ)éce z(’l);vg)a—“ (60,5)

The combined closure model is the set up as follows

k 0
“(vgeaﬂ)écgfw?(Ret){nnnC(v;vé)]%n‘r(eaﬂ) +ce(1 - fw2(Ret));<vfyvg)a_x&<eaﬂ>

where fy2(R.:) denotes a function of the local Reynolds number such that fy2 goes to unity as
the wall is approached and to zero in the turbulent zone. Furthermore, The function f,2(Re:)
should be nonnegative and it should not modify the dependence on the wall distance for the
near wall model. It follows that f,, must be an exponential function of the Reynolds number
given by

fun(Rue) = eopl=(32 7]

where R.; is a constant measuring the range of influence for the near wall model. This
function of the Reynolds number has the well known property that all its derivatives at zero
vanish. Hence, it does not modify the growth rate of the near wall model.

1.3.3 Secondary production S2;.

The properties of S2 g in the high and low Re-number limits will be considered first. Local
isotropy requires that
2
. 6
R}glinco(egﬂ) = 560,36.,56

holds. It follows that the secondary production terms S? g are for high Re-numbers given by

lim_ %, = ~56ased(v7) (75)

Re—o0

The divergence of the mean velocity is zero for incompressible flows and it follows that the
high Re-number form of the secondary production terms can be neglected. The near wall
variation of the secondary production term S%, according to (45) can be regarded as

Sh = —(u)0:(en) — 2{€11)9, (v) + O(y*)
and it follows that this term is at best of the same order of magnitude as the mean convection
term. Similar relations hold for the other components and we conclude that the secondary
production terms 52, can be neglected.

1.3.4 Primary production and viscous destruction.
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The closure model for these terms is fundamentally different in the high and the low Reynolds
number limits. Both limits need to be considered and the corresponding closure models must
be merged to cover the range of Reynolds numbers from zero to infinity.

High Revnolds number limit.

The order of magnitude estimates for primary production and viscous destruction at high
Re-numbers shows that they are of leading order, but their difference is of the same order
as the secondary production term S} ;. It follows that they should not be treated separately
but their difference should be modelled as function of the available information. The model
consistent with second order moments is in general given by

~ € [ ] —
Sas — Dag=—Tap({esw), (v50.,), 06 (ve)) (76)

The dimensionless and symmetric tensor ¥,4 should represent both production due to the
interaction of vorticity and strain rates and the desctruction due to viscous effects. If we
impose the condition of local isotropy on this model we get the following variant

Vap=bas U ({es), (v 5), Oy (vs)) — T3 ((eew), (viol), s v.)

where the first part represents the productive and the second the destructive contribution to
the model for the difference of Sgﬂ and D,g. The model can be set up to be consistent with
the standard expressions for the trace equation (see Launder, Reece and Rodi, 1976)

{vyv5)
€

- 1 €a
‘Ijaﬂz — Ce1 '550[3 8‘7(’”6) - 662(—6ﬂ>

and the time scale is given by

o | &

The closure model

S35~ Dap — ca3as 7 (v,05)0y (v8) — ccaleas) s (77)
emerges. It is, however, not applicable to wall bounded flows since the destructive part of
this model becomes singular as the wall is approached. This deficiency can be corrected
either by defining a time scale that does not go to zero at the wall or by merging low and
high Reynolds number closures with a Reynolds number dependent function such that the
singularity is removed. Finally, we note that this model is not necessarily positive definite
because the productive part ¥(1) is not positive definite, a property shared with the exact
term. Refined closure models can be constructed using tensorial time scales introduced in
chapter 1.3.1.

Low Revynolds number limit.
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The dependence on the wall distance is the deciding property as the wall is approached. We
recall that the primary production terms decay with wall distance, according to chapter 2.2.5,
as follows

0(5131) = 0(533) =Y
0(53%,) =y°
O(sz) = y2

whereas the viscous destruction terms are all of leading order
O(Dgyp) =1

according to chapter 2.2.6. It follows that they must be modelled separately in the near wall
region. The first step in the construction of the low Reynolds number version is the analysis
of the near wall properties of the high Re-number model. It follows from (77) that

€
O(=¥") =y

which is at variance with the detailed decay laws for S'gﬂ given above for a = 3 = 2 and
a = 1,8 = 2. However, since the primary production is not of leading order near the wall

it would be acceptable. A more serious problem arises in the destructive part ‘szﬂ) If we
construct a time scale such as (69) for the near wall region we avoid the singularity, but it is
not possible to satisfy the decay laws for the destructive terms D,g. It follows that the time

scale in any closure of the form given by \Ilff’; cannot be a scalar but has to be a tensor of
rank two (or higher) with positive eigenvalues. It is not difficult to construct a closure model

\IJS/; such that the decay law is satisfied. For instance, the model

, 70 Oeay _Oepy
¢ 0zs0z, Ozs0r,

Daﬂé —C

with (69) as time scale possesses the correct tensor properties and the correct decay law as
the wall is approached. However, it is unacceptable as closure model because it produces
in regions where the second derivatives are all positive a second order pde with negative
diffusivity. The initial/boundary value problem for such an equation is not well posed and
the numerical solution futile. Furthermore, this model would not be realizable, because the
limit (eq8) — O does not imply that the second derivatives of (eqag) go to zero. It follows that
the closure model for the viscous desctruction of the dissipation rate components must be of
the form

Dop=Fop({€yn), (vﬂ,v;), O¢(€xn)s 64‘(”;”:1)’ Ret)

where R,.; denotes the turbulent Reynolds number defined by
Re, = pos (78)
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The example cited above for the destruction of dissipation rate showed that derivatives lower
that second should be used. Several closure models can be set up that are tensorially consis-
tent, have the correct decay law near the wall and avoid the stability problems incurred by
negative diffusivities. We note two of them, first

= (eap) 2 Oeay) Ol€py) -
Dag= — ce2 — —CaT Mans 9z, Ozs (79)
. (€as) 8 lean), 9, {esn)
= _ . leas) _ €ar €1
Dop= — ce2 . CeaVen N 81;.,,( ; )8:1:5( - ) (80)

as second variant. Note that n, denotes the unit normal vector of the wall pointing into
the flow field. The time scale 7 is given by (69) to avoid a singularity at the wall. The two
models look very similar, but inspection of the time scale (69) shows at once that the first
model is most likely unstable. Suppose that kinetic energy k and dissipation rate component
nans{€ys) = (€22) are in equilibrium, then assume that this equilibrium is disturbed, say the
kinetic energy is reduced by a small amount. It follows from the fact that the second part in
the first model is quadratically proportional to the kinetic energy that the rate of destruction
of the dissipation rate components is decreased by the disturbance and consequently are the
normal stresses further decreased and the equilibrium state is not recovered. Hence is this
model unstable. It follows that the second model is the preferred one.

Merger of low and high Re-number models.
The closure models for the destruction term (79) or (80) valid for the limit R, — 0 and

the destructive part of (77) valid for the high Re number limit must be merged together to
produce a model valid throughout the flow field. Suppose both limit expressions have decay
laws near the wall that do not need change via the function weighting them according to the
local Reynolds number (or any other function propertional to the distance to the wall). The
we need a weight function that does not change the dependence on wall distance near the
wall. This implies that we must find a function which has zero derivatives at zero. It is well
known that the exponential function

fly) = exp(—i

Y2

has the desired property, in fact, it is infinitely often differentiable but not analytic at zero
(its Taylor series is identically zero at y = 0). Hence, we can establish a low Reynolds number
function

f(R) = expl-(F)

which is zero at zero Re-number and unity at infinite Re-number. The constant R? determines
the range of Reynolds numbers for which the function is close to zero. Other functions
have been proposed that are proportional to some power of the wall distance and change
therefore the decay law. Several models have been proposed for the functions f;, multiplying
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the production of dissipation rate, and f,, multiplying the destruction of dissipation rate.
Vandromme et al. (1983) suggested
fl = 10

and

fo=1.0-0.22 exp{—(-}%@i)?}

based on the original model of Hanjalic and Launder (1976) and obtained good agreement
with measurements in flat plate boundary layers. Recent developments surveyed by Launder
(1989) use the second and third invariants of the Reynolds stress tensor to represent the wall
influence on production and destruction processes.

1.3.5 Pressure correlations.

It was shown in chapter 1.2 that the pressure correlations can be split into transport and
source terms such that the source terms are strictly redistributive and have no effect on
the trace of the dissipation rate tensor in analogy to the pressure-strain correlations for the
Reynolds stress tensor. It follows that they must redistribute intensity among the components
of the dissipation tensor. Kolmogorov’s hypothesis of local isotropy requires that the dissi-
pation rate tensor approaches its isotropic form as the Reynolds number approaches infinity.
It follows that a return to isotropy model given by

Q1= 2 ((eap) — 36ap¢) (79)

would satisfy this condition. The open question is the time scale. The scale

k

T =

is the obvious choice for the high Re-number limit, but the model becomes incorrect as the
wall is approached because T~! goes to infinity with y~2. Modification of the time scale
according to (69) solves this problem and

- M5 (€Ens 2
Q= — e 8 (e ) 25,50) (50)
emerges as nonsingular variant. The transport part of the pressure correlation can be mod-
elled in terms of the viscous diffusion terms because the wall limits indicate this form. The
model

~

v
Fgﬂ7= - Zag (675)n5{€a”wtﬂbw + e,g,wtabw - eanwtubﬂ — 65"wtwba} (81)

where the tangential unit vector is defined by

_ (va)(6)
e = Top) (6] (82)
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and the binormal by
ba = ea57t5n7

satisfles the near wall properties for the components F¥,;, and FI,, and neglects the compo-
nents FJ,, and Ffy,. The effect of the diffusive part of the pressure correlations is therefore
inhibition of the viscous diffusion near the wall for the diagonal components corresponding
to motion parallel to the wall. The effect on shear component and the diagonal component
corresponding to the motion normal to the wall are neglected.

1.3.6 Near wall production.

The near wall production requires in general flows a closure model. However, for the near
wall region in boundary layers expressions can be given that are exact in the wall limit.

5151& - 41/62(1)'11);)832(1)1) (83)
S5, = S5, = 0.0 (84)
Shr= — vz (vy') 035 (v1) (85)

The model assumption is essentailly the assumed validity of these expressions for finite dis-
tance from the wall. Since all expressions are proportional to the laminar viscosity, quick
decay with increasing wall distance can be expected.
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2.0 Reynolds stress and complete second order models.

The usual closure models based on the trace of the dissipation rate tensor will be considered
first. Several versions of the Reynolds stress model are available and the most relaible stress
model (Vandromme et al., 1983) will be evaluated. It will serve as test bed for the complete
second order closure.

2.1 Stress equations.

The balance for the Reynolds stress components is given by

v Vo ,, Ovl,  Ov
(PN + (02) 5 o) = =) S+ gt oy 4 1 5 4 22
6 U;U' ! ! ) r_1 11 ~
o S ) iat) = o) — ') = (e (50

where the dissipation rate tensor is defined by (1). The split of the pressure correlation into
pressure transport and pressure rate of strain correlations can be shown to be inappropriate
near the wall. It follows from (19) that the Taylor series for the pressure gradient is given in
terms of velocity derivatives at the wall up to second order. Hence, it is possible to represent
the Taylor series for correlations involving the pressure gradient in terms of local velocity
correlations at the wall up to second order. If the pressure correlations are split as in (86)
the pressure fluctuation itself appears and the solution of the Poisson equation introduces
the well known integral contributions.

The standard second order closures employ the equation for the trace of the dissipation
rate tensor

(€xa)

€=

SRR

which follows at once from (2)
(Or + (v4)04)€ = O4[vO € — (vi’e) + F?] + S'+5*4+8°4+5°-D (87)
The source terms are defined as follows. There are two groups of secondary production terms
S = —(€ay}0y{va) (88)

and

§? = —(vB5v!,0,04) (B (v5) + Bo(v-)) (89)

The primary production term is given by
S = ~(eaydyvh) (0)
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§* = (22,900, (01)

It was shown in chapter 1.2.1 that the pressure correlations can be represented as the sum of
the divergence of a flux and a redistributive source which has zero trace. Hence we get

S* = s FF (92)
where the flux is defined by
Fy = gpzewﬁneww(a‘rp,anv;) (93)
or .
Ff = == (00'0yv3) (94)

The near wall production of dissipation rate is proportional to the curvature of the mean

velocity profile
5% = —2u(v50,vy, ) 0% 5{va) (95)

and the viscous destruction of dissipation rate is given by
D =22 (a§7v;6§7v;) (96)

The properties of the source terms have been established in chapter 1. and we observe that
none of the source terms is closed in contrast to the equations for the dissipation rate tensor.

2.2 Standard second order closure model.

The development of the full second order closure was based in a systematic way on
existing closure schemes. The standard second order closure using the trace of the dissipation
rate tensor set up by Vandromme et al. (1983) was an important stepping stone and can be
applied to test closure models for the various processes governing the dissipation rate tensor.
The model is given by

(05 + ()3 v = ~{aM () 2 ooty o)
O(viv;
40+ - (a2 o o)) (97)

Oz K Oz
The pressure rate of strain correlations are modelled by

Bap= — o1 Fo( R (p) S ((0h05) — 2bask) = Fy(RPHEEZ (Pag — 2605P)
k | 3 11 3
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862 2 30C2 -2 a(Uﬂ) 8( )
- DQ —6u3P) — k iy a8
as the sum of return to isotropy, fast response and wall contributions, where
_ A(vs) Hva)
Pop = —(vh’,);; — (vgvy) 9. (99)
and P =1/2P,, and
_ 9(v4) 9(v4)
Dap = (et 2 = (ot 2 (100)

The wall contribution is given by

~ 1 € rod 2 ' O{va
=) {eh £ ((ohoh) = 280b) + &(Pap = D) + csk( ot
Ovs) 2, Olvy)) K7
+ 0z 6 3:1:_, 2. €y

The dissipation rate tensor must be modelled in terms of its trace and the anisotropy of the
stress tensor

(101)

. € 2
(eap) =7 (folvavp) + (1 = f5)38ask) (102)
where f, depends on the local Reynolds number. The turbulent flux is modelled by
. k a
Fapy= = cot(p) = (] U6)6z5 (vavg) (104)

The constants are given by c,; = 0.25, ¢; = 1.5, 2 = 0.4, ¢; = 0.1597, ¢; = 0.0133,
cs = 0.0041. The low Reynolds number functions are given by

fu(R.) = exp (ﬁ) (104)

and

fp(Re) = tanh(R. /50) (105)

The equation for the trace of the dissiaption rate tensor requires closure for all relevant
processes on the right hand side. Following Vandromme et al. (1983) the model

(5 + (5006 = ol + e ) 5] = ca ol (RF R, By) ) 522
—caalp) ol Be) e - 2v(aa‘/—) |+ 2ol i) g e (100)
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The low Reynolds number functions are given by

fo =1~ exp(~fu Ry)P(1 + L22)
and
fi=1+ .
1= 8(f, + 10-10)3
2
fa=1-0.22 exp(-—%)
where

Vky

14

R, =

(107)

(108)

(109)

(110)

and f,; = 0.0163, f,» = 20.5. The performance of this closure model was tested in flat plate
boundary layers. The results are contained in fig.1 to fig.8. The mean velocity in fig.1 is in
good agreement with the law of the wall. The turbulent Reynolds number and the damping
function f,(R.) in fig.2 and fig.3 prove that the boundary layer is fully developed. The
Reynolds stress components in fig.4 to fig.8 show the expected distributions with maximal

values in reasonable agreement with the experiments.
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2.3 Full second order closure model.

The development of the full second order closure was prepared in the first chapter which
contains the properties of all transport equations for second order moments derived from
series expansions with respect to wall distance. The results obtained with series expansions
are called growth laws since they describe in first or higher order the growth of correlations
with wall distance. The challenge is now to construct a closure model that satisfies all tensorial
and realizability conditions and the growth laws.

2.3.1 Closure model for the stress equations.

The closure model for the stress equations follows closely the model developed by Van-
dromme et al. (1983). The only difference is that the model (102) for the components of the
dissipation rate tensor is not used. The stress equations appear then according to chapter
2.2 as

()7 + () 5w = ~{a) () F2 + (ot 2D
e fo(Re o) (005} = 2us) — Fy RPN o (Pag — 383 P) = 2 "(Dag = 500sP)
_3oc;5-2k(aa<;;i) (va ))+<1> o)
b (2 o ) 5 i) — (9 o) (1)

where P,3 and D,g are defined in (99) and (100) respectively and the wall contribution
to the pressure correlations is given by (101). The low Reynolds number functions are all
established in chapter 2.2.

2.3.2 Closure model for the dissipation rate equations.

The transport equation for the dissipation rate tensor

13} 15} oF,
(a + (vv)g;)(faﬂ) = 6767 +Shg+ Sis+ S35+ Sap+ Sap — Dap (112)

requires closure for the turbulent flux contained in the total flux Fys, and the source terms
Saﬂ, 53 .5'4 S5 of and Dgg.
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Model for the turbulent flux: This model follows the suggestion of Vandromme et al.
(1983) for the turbulent flux of the trace of the dissipation rate tensor

~ a(‘faﬂ) k 1o 6(60,,3)
Fopy=v Dz, + ce(p) L (113)

N¢Ng€cy

The only modification is the use of the time scale (69) to improve the behaviour near the
wall. The value for the constant ¢. = 0.1 is consistent with the six-equation model. A more
sophisticated model was developed in chapter 1.3.2.

Model for the source S2 g: The secondary production can be neglected near the wall
according to chapter 1.2.2.4.

Model for the source S3 g° The primary production is not of leading order near the wall
but varies like the closed production term S} g in the near wall region according to ch.1.2.2.5.
The present model utilizes this property and the analogy to the stress transport exploited
in the equation for the trace (106), where the high Re-number part of the model for the
difference between the leading terms having the character of a production term is modelled
proportional to the production of kinetic ernergy

30% = co (Al et + ey Ao - e Rl ) o + (o) 22y (119

The constants are given by ¢; = 1.45 and ¢3 = 1.0.

Model for the source term S4 g: The pressure correlations were shown to be of leading
order near the wall for all dissipation rate components except €3 (see ch.1.2.2.9). They can
be split into diffusive and reditributive source terms (ch.1.2.1). The diffusive part is assumed
to be represented by the closure for the turbulent flux (113). The model for the redistributive
source is analoguous to the return to isotropy model for the stress transport equations. It is
given by

§49% = ccalp) = ({€as) — 20ase) (115)
with ¢y = 12.5.

Model for the destructive term D,g: It was shown in chapter 1.3.4 that the high Re-
number model for the difference of primary production and viscous destruction becomes
singular as the wall is approached. Furthermore, the growth law for the viscous destruction
term D,z implies that a model similar to the high Re-number case

~ €
Daﬂ=Ce2 <P) < Tﬂ)

with a scalar time scale is impossible. It follows that a tensorial time scale m ust be con-
structed to conform with the growth law. The present closure is a composite expression
containing the high and the low Re-number models

k : €a €
Dap=ce21(p)(1 ~ fo(Ret)) (m) Tt a((%: ) 82:; )
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where the preliminary values for the constants are cc; = 0.32 - 107%, ¢ = 26.25, and
ce23 = 12.5. The low Re-number functions are set up as follows:

nans(ess)

+ce22(P)nanﬂn‘yn6(1 — fs(Ret)) (675) + Ce23<P>fa(Ret)_—_k—(faﬂ> (116)

20.5
fu(Ret) = (1 — exp[—0.0165R,])*(1 — ) (117)
et
where y:
k
R, = g
v
denotes the dimensionless wall distance and
Fo(Ret) = tanh(0.004R..) (118)
The turbulent Reynolds number is defined by
2
R, = E‘
€v

2.3.3 Preliminary results for the complete second order closure.

The system of nine parabolic differential equations was tested in reduced form by pre-
scribing the profiles for mean velocity and the Reynolds stress components which were ob-
tained with the six equation model discussed in chapter 2.2. The numerical solution for the
remaining equations for the disssipation rate tensor was carried out and convergence was
achieved after a few hundred steps. The results are presented in fig.9 to fig.16. The figures
contain also as broken line the dissipation rate components deduced from the local relation
suggested by Launder and Reynolds (1983) and modified by Lai and So (1990)

(cas) 22 (1 — fulBer))bape

(vav) + (vavy)nyng + (vavl)nyna + nangnyns(vvg)

1+ Fnqns (v, vs)

+fw(Ret)']% (119)

where R
ful Ret) = expl—(T50 )

The dissipation rates in the figures are normalized with the wall variables v and u,

et {€ap)V
aff u.}_

(
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with 4, = y/7w/p denoting the wall shear velocity. The symbols in the figures represent the
results of the numerical experiments carried out by Mansour, Kim and Moin (1988).

The component €, in fig.9 (logarithmic scale) and fig.10 (linear scale) shows a negative
gradient near the wall which implies that the time scale

-1 8 _o¥ (M) ’
T % oy

would change sign and the destructive term would become a production term violating real-
izability. The prediction of ef'l in the outer (fully turbulent) part of the flow field is too small
and the near wall part appears too large compared to the direct simulation, but the profile
shape is in good agreement with the numerical experiment. The component €}, in fig.11 and
fig.12 reasonable agreement between the full second order closure and the direct simulation,
but the local relation of Launder and Reynolds overpredicts the component by a factor of
three. The prediction of the component €f, in fig.13 and fig.14 shows a similar behaviour as
the component €} in fig.9/10. The shear dissipation €}, in fig.15/16 shows overprediction by
the full second order closure and underprediction by the local relation near the wall whereas
the outer part is in good agreement with the direct simulation data.

2.3.4 Conclusions.

The results presented lead to several conclusions. It is clear from the theoretical develop-
ment that only the full second order closure offers the tools to construct the appropriate time
scales in the near wall region of a turbulent boundary layer. The growth laws for the various
correlations appearing in the stress and dissipation rate balances limit severely the model
expressions and indicate that composite models for the high and the low Reynolds number
regimes must be established. The model discussed in this chapter produces good results if
velocity and stress components are held fixed and this indicates that the model expressions
are consistent with the direct simulations. However, the stability of the closure needs to be
investigated and this part may lead to modifications of the present version of the full second
order closure. This part of the project is currently under way.
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